Unconventional Hall effect near charge neutrality point in a two-dimensional 

electron-hole system 
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The transport properties of the two-dimensional system in HgTe-based quantum wells containing 
simuhaneously electrons and holes of low densities are examined. The Hall resistance, as a function 
of perpendicular magnetic field, reveals an unconventional behavior, different from the classical N- 
shaped dependence typical for bipolar systems with electron-hole asymmetry. The quantum features 
of magnetotransport are explained by means of numerical calculation of Landau level spectrum based 
on Kane Hamiltonian. The origin of the quantum Hall plateau a^x ~ near the charge neutrality 
point is attributed to special features of Landau quantization in our system. 

PACS numbers: 71.30.-(-h, 73.40.Qv 



I. INTRODUCTION 

The renewed interest to the study of the integer quan- 
tum Hall effect (QHE) has been manifested recently in 
investigation of the anomalous QHE state in graphene, 
which provides electron or hole excitations near the Dirac 
point of double-cone energy spectrum P, [2| • It has been 
predicted and observed that quantized values of the Hall 
conductance axy = ve^/h correspond to filling factors 
ly = 4(n -I- 1/2), where n = 0, ±1, ±2, ... are integers and 
the factor of 4 accounts for double degeneracy in both 
spin and valley numbers. The half-integer form reflects 
a specific property of Landau quantization for massless 
Dirac fermions. In particular, zero Landau level, whose 
position coincides with the Dirac point, is composed from 
half hole and half electron states, so the Hall conductance 
indicates a smooth transition from hole-like (positive i/) 
to electron-like (negative ly) behavior as the Fermi en- 
ergy goes up through this point. In very strong mag- 
netic fields the spin degeneracy (and, possibly, the val- 
ley degeneracy) is lifted, which means opening the gap 
at the Dirac point. Theoretical models considering elec- 
tron transport in these conditions can be classified in two 
groups: quantum Hall metal (spin- first lifting scenario) 
and quantum Hall insulator (valley-first lifting scenario) 
[Si]. In the spin- first scenario, there exists a pair of coun- 
terpropagating chiral edge states (with opposite spins) in 
the gap so that a quantized Hall state at v = appears 
These states provide a dominant contribution to 
the conductivity, while the bulk transport is suppressed 
by the energy gap. This leads to divergence of the lon- 
gitudinal resistivity pxx and smooth zero crossing of the 
Hall resistivity pyz- In the valley- first scenario, no edge 
states exist in the gap and the divergence of both p^x 
and Pyx at = is expected. 

Since an unconventional quantum Hall state at = 
does not rely on relativistic dispersion of excitation. 



which is a specific case of graphene, it can be realized 
in other materials where two-dimensional (2D) electrons 
and holes coexist. The wide CdHgTe/HgTe/CdHgTe 
quantum wells, where separation of the size-quantized 
subbands is relatively small, are of particular interest 
in this connection The 2D conduction (c) band in 
such systems is formed from the first heavy-hole subband 
(hi) whose effective mass is positive while the second 
heavy-hole subband {h2) form the upper part of the 2D 
valence (v) band. Owing to a uniaxial strain of HgTe 
layer, which is caused by the lattice mismatch of HgTe 
and CdHgTe [2] , the energy spectrum of the h2 subband 
is essentially non-monotonic and has maxima away from 
the r point of the 2D Brillouin zone [l^. Depending 
on the well width, strain strength, and interface orien- 
tation, the band structure can be of the two following 
kinds: indirect-gap 2D semiconductor and 2D semimetal 
(Fig. 1), which differ, respectively, by the absence or 
presence of the overlap of hi and h2 subbands. In both 
these cases, a variation of the Fermi energy may cause 
a transition between hole-like {cxy > 0) and electron- 
like {axy < 0) behavior, as is understandable even from 
a classical transport picture. Indeed, multiple intersec- 
tions of the Fermi level with non-monotonic energy spec- 
trum (Fig. 1) lead to a complicated Fermi surface for 2D 
electrons (Fermi arc) composed of more than one closed 
branches providing both electron-like and hole- like orbits 
in the presence of the perpendicular magnetic field [11]. 

Recently, it has been demonstrated that the Hall con- 
ductivity of CdHgTe/HgTe/CdHgTe quantum wells of 20 
nm width and [013] interface direction exhibits a quan- 
tized plateau (Jxy = in the magnetic fields of a few 
Tesla when the gate voltage is varied in the vicinity of 
the charge neutrality point (CNP) ^]. The universality 
of the edge-state transport picture suggests the existence 
of a pair of counterpropagating edge states in such 2D 
systems, which is equivalent to QHE near the Dirac point 
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FIG. 1: (Color online) A schematic representation of two 
kinds of band structure in a wide HgTe quantum well: 
indirect-gap 2D semiconductor (a) and 2D semimetal (b). 
The straight lines show the position of the Fermi level for 
the cases when the Fermi arc contains more than one branch. 



in graphene within a spin-first scenario. Despite of this 
similarity, one should point out several differences. Un- 
like the case of graphene, the observation of the QHE 
state with axy = in HgTe quantum wells does not 
require ultrahigh magnetic fields. More important, the 
band structure of HgTe quantum wells is very different 
from that of graphene. Graphene is a gapless 2D mate- 
rial with symmetric and monotonic energy spectrum of 
electrons and holes. The n = Landau level resides pre- 
cisely at the electron- hole symmetric point (Dirac point), 
which allows for a axy = QHE when the the 4-fold (spin 
and valley) degeneracy is lifted. In wide HgTe quantum 
wells the energy spectrum of v-band is non-monotonic, 
and the extrema of the c-band and v-band are shifted in 
momentum space with respect to each other. The sim- 
plest consequence of such asymmetry is that zero crossing 
of the Hall resistivity takes place away from the CNP, as 
shown below. The overlap of c-band and v-band makes 
the transport picture even more complicated. The ques- 
tion about mechanisms leading to opening of the gap 
responsible for the axy = QHE in wide HgTe quantum 
wells requires further condideration. 

In this paper, we present experimental results on the 
Hall resistivity in 20 nm wide HgTe-based quantum wells 
with [001] interface orientation containing simultaneously 
electrons and holes. The densities of carriers in these 
wells are considerably smaller those those for the [013]-, 
[112]- and slightly wider [OOlJ-grown wells examined pre- 
viously in our experiments [3], O- For this 
reason, we see quantum features in transport at smaller 
magnetic fields. Apart from the existence of the axy = 
plato in the dependence of Hall conductivity on the gate 
voltage, we have found an unusual non-monotonic depen- 
dence of the Hall resistivity pyx on the magnetic field. 
This dependence essentially differs from the classical N- 
shaped Hall resistivity expected for electron-hole sys- 
tems. A theoretical consideration based on calculation of 



the Landau level spectrum for our structure qualitatively 
explains the main features of our observations and helps 
us to uncover a mechanism of transition to the axy = 
state in the systems under investigation. 

Tha paper is organized as follows. In section II we 
describe the details of the experiment and give experi- 
mental results. Section HI presents a theoretical basis 
for consideration of magnetotransport in 2D semimetals. 
Landau level calculation for wide HgTe quantum wells, 
and discussion of the results. The conslusions are briefly 
stated in the final section. 



II. EXPERIMENT 

The Cdo.65Hgo.35Te/HgTe/Cdo.65Hgo.35Te quantum 
wells with [001] surface orientations and the width of 
20 nm were prepared by molecular beam epitaxy. A 
detailed description of the sample structure has been 
given m Refs. 0, [ll d. The top view of a typical 
experimental sample is shown in the inset to Fig. 2 (a). 
The sample consists of three 50 /im wide consecutive 
segments of different length (100, 250, and 100 /^m), and 
8 voltage probes. The ohmic contacts to the 2D layer 
were formed by the in-burning of indium. To prepare 
the gate, a dielectric layer containing 100 nm Si02 and 
200 nm Si3Ni4 was first grown on the structure using 
the plasmochemical method. Then, the TiAu gate was 
deposited. The rate of the density variation with gate 
voltage is estimated as a = 1.09 x 10^^ m~^ V~^. The 
magnetotransport measurements in these structures 
were performed in the temperature range 0.8-10 K and 
in magnetic fields up to 5 T using a standard four-point 
circuit with a 3-13 Hz alternating current of 1-10 nA 
through the sample, which is sufficiently low to avoid 
the overheating effects. Several devices from the same 
wafer have been studied. 



The longitudinal resistivity pxx and corresponding Hall 
resistivity pyx acquired by varying the gate voltage at a 
constant magnetic field i? = 5 T are shown in Fig. 2 (a). 
Figure 2 (b) shows the the longitudinal conductivity axx 
and Hall conductivity axy calculated from the experimen- 
tally measured resistivities by tensor inversion. Possible 
admixtures of longitudinal and Hall resistivities, caused 
by contact misalignment and inhomogeneities, were re- 
moved, by symmetrizing all measured values for positive 
and negative magnetic fields. We may see that calculat- 
ing the conductivities from the magnetoresistance peak 
at the CNP and a zero crossing of the Hall resistance 
yields a zero minimum in the longitudinal conductivity 
axx and a quantized zero plateau in the Hall conductiv- 
ity axy at = 0. This behaviour, observed in the fields 
above 3.6 T, agrees with our previous study of the quan- 
tum Hall effect near CNP in wide HgTe quantum wells 
in samples with [013] surface orientation jl2| . 




holes ^ 



electrons 




i.(b) 



-1 1 
V (V) 



FIG. 2: (Color online) (a) The longitudinal pxx and Hall pyx 
resistivities as a function of the gate voltage, T=0.9 K, B=5 
T. Insert-top view of the sample. The perimeter of the gate 
is shown by rectangle, (b) The longitudinal (Jxx and Hall a^y 
conductivities as a function of the gate voltage, T = 0.9 K, 
B = 3.75 T. The arrow indicates the position of the charge 
neutrality point, where Ue ~ rih- 



Now we turn our attention to magnetoresistance mea- 
sured as a function of the gate voltage with increasing 
magnetic field, shown in Fig. 3. For higher voltages, 
corresponding to electron-like conductivity, all the quan- 
tized plateaux are already developed in the field of 1 T. 
In the field of 0.5 T, however, we see only a short plateau 
ai V = —1 and a weak indication of ^' = —3 plateau. For 
lower voltages, corresponding to hole-like conductivity, 
we do not see any well-developed plateaux up to 3 T, 
although above 1.5 T there is periodic flattening of the 
Hall resistance picture possibly suggesting that the ef- 
fects of Landau quantization become also important for 
holes. Surprisingly, the peak of the resistivity and the 
smooth zero crossing point of the Hall resistivity, which 
has been identified previously with CNP, both are shifted 
to higher positive voltage with increasing B. At weak 
magnetic fields this shift is linear in B, while at higher 
fields a saturation is reached (no more shift occurs). 

The most intriguing behavior is observed in the 
magnetic-field dependence of the Hall resistivity. In Fig. 
4 (a,b) we give detailed plots of pxx and pyx for different 
gate voltages near CNP. Instead of a smooth N-shaped 
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FIG. 3: (Color online) The longitudinal p^x (a) and Hall pyx 
(b) resistivity at T=0.9 K as a function of the gate voltage 
for different magnetic fields B (T): 0.5 (orange), 1 (magenta), 
1.5 (black), 2.0 (red), 2.5 (green), 3 (blue), . 



dependence of the Hall resistivity suggested by a clas- 
sical magnetotransport theory for semimetals (see Sec. 
HI) and observed in our previous experiments, we see 
a non-monotonic dependence showing a number of re- 
markable features discussed below. Up to the fields of 
0.4 T, the Hall resistivity behaves nearly linear with _B, 
demonstrating, however, a weak shoulder identified as a 
quantized plateau pyx — ~h/2>e^. At B c:^ 0.45 T we see 
a short plateau where the Hall resistivity almost reaches 
the resistance quantum [pyx — 0.92(— ft,/e^)], which is 
accompanied by a deep minimum in pxx in agreement 
with conventional quantum Hall behaviour in unipolar 
(n-type) system. With further increase in magnetic field 
{B > 0.5 T) the absolute value of the Hall resistivity 
drops down. In the interval 2 T < i? < 3 T there appear 
new features resembling the plateaux with pyx ranging 
from to /i/e^ in the chosen interval of gate voltages. The 
plateau pyx = h/ corresponds to conventional quantum 
Hall effect in hole (p-type) system, and is accompanied 
by a minimum in pxx- However, these Hall plateaux do 
not exhibit exact quantization, as is typical for the states 
not yet fully formed in the magnetic field. Moreover, 
the value of pxy smoothly changes with the gate voltage, 
which possibly indicates that the Fermi level does not 
lie in the region of localized hole states between Landau 
levels and the contribution of bulk delocalized states to 
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FIG. 4: (Color online) The longitudinal pxx (a) and Hall pyx 
(b) resistivities as functions of the magnetic field for different 
gate voltages near CNP, T = 0.9 K. The highest and the 
lowest gate voltages are shown by broader (colored) lines. The 
red line corresponds to CNP (ne ~ n^), while the blue line 
corresponds to Uh — r i « ^' i 
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transport is essential. Finally, in the region above 3.5 T 
Pxy demonstrates a complicated non-monotonic behavior 
which strongly depends on the gate voltage, while the re- 
sistivity pxx starts to grow up sharply. 

The observed features of Hall resistance and logitudi- 
nal resistivity are discussed in the next section using both 
classical and quantum approaches to magnetotransport 
in 2D semimetals. 



III. THEORY AND DISCUSSION 

The calculated energy spectrum of carriers in the quan- 
tum well investigated in our experiment is shown in Fig. 
5. The calculations are based on a numerical solution of 
the eigenstate problem for 6x6 matrix Kane Hamiltonian 
under approximation of symmetric rectangular confining 



potential of the Cdo.65Hgo.35Te/HgTe/Cdo.65Hgo.35Te 
heterostructure. We used the following parameters. The 
conduction- and valence-band offsets of the heterostruc- 
ture under investigation are Uc = 0.84 eV and Uy = 0.36 
eV, respectively, the gap energy in HgTe is Eg — —0.3 
eV, the spin-orbit splitting energy (both in HgTe and 
Cdo.65Hgo.35Te) is A = 1.0 eV. The Kane matrix ele- 
ment P and the Luttinger parameters (71, 72, and 73) 
of HgTe and CdTe are listed in the table of Ref. [lj|. 
The main effect of the uniaxial strain of HgTe layer was 
taken into account by introducing a shift Est of the light- 
hole energy with respect to the heavy-hole energy in the 
Hamiltonian [§]. We use Est = 15 me V, based on the 
quantity of Est = 22 meV given in Ref. 0] for HgTe on 
pure CdTe substrate. The calculations demonstrate that 
our system is a 2D semimetal. Owing to a difference in 
the Luttinger parameters 72 and 73, the spectrum of the 
2D v-band is anisotropic. This leads to formation of four 
v-band valleys along the directions [11], [11], [11], and 
[11] in the plane of 2D momentum p = iPx,Py), with ex- 
terma at p/fi ~ 0.26 nm~^ . The single c-band valley with 
minimum at p = is almost perfectly isotropic. The cor- 
responding five-branch Fermi arc is shown in the inset. 
With lowering Fermi level sp, the picture of the Fermi 
arc is modified. As passes through the saddle points 
and, further, through the c-band minimum at p = 0, the 
Fermi arc becomes composed of, respectively, three and 
two branches encircling the point p = 0. 

Some features observed in our experiment, as well as 
in theprevious experiments on 2D semimetals (see refs. 
0, [13 1 can be understood from consideration of 

the classical magnetoresistance of the system with energy 
spectrum Sp of semimctallic type shown in Fig. 5. The 
expressions for electron and hole densities can be written 
as He — 2S'e/(27rfi)^ and n/j = 2Sh/ {'^Trh)'^ , where the 
factor of 2 accounts for spin degeneracy and the quan- 
tities Si (i = e, h) are given by the integrals over en- 
ergy: Si = J desi{e)[—dfe/de). Here /j is the Fermi- 
Dirac distribution function and Si{e) is the area in the 
{PxiPy) plane encircled by the isoenergetic lines e = 
under condition that the sign of the transverse compo- 
nent of the group velocity for these lines is either positive 
{i = e) or negative [i = h). At zero temperature, when 
df^/de = —5[e — £f), Se and Sh are the areas encircled 
by the Fermi arcs with positive and negative transverse 
group velocities, respectively. Using this representation 
of Tie and Uh , it can be demonstrated that the linear Hall 
conductivity in the limit of classically strong magnetic 
field B, when scattering of the carriers during their cy- 
clotron motion is neglected, is written as Tlj 



|e|(ne - nh)/B. 



(1) 



This expression is valid for arbitrary energy spectrum 
and suggests that the Hall conductivity changes its sign 
at CNP (rte = rih)- However, at weaker B, when scatter- 
ing is essential, the point of zero axy is shifted away from 
the CNP. Indeed, the Hall conductivity becomes sensitive 
not only to the signs but also to the absolute values of 
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FIG. 5: (Color online) Calculated electron energy spectrum 
of a 20 nm symmetric Cdo.65Hgo.35Te/HgTe/Cdo.65Hgo.35Te 
quantum well grown along [001] direction, for two direction 
of electron momenta in the 2D plane: along [01] and [11]. 
Three upper heavy-hole {h) subbands are demonstrated. The 
dashed curves (for [01] direction only) correspond to the cal- 
culation without strain. The inset gives a schematic picture 
of the Fermi arc corresponding to the Fermi level shown by 
a straight dashed line passing close enough to the valence- 
band extrema. The area inside the circle and the total area 
inside the four ellipses are proportional to electron and hole 
densities, rie and rih, respectively. 

the group velocities along the branches of the Fermi arc, 
because these velocities determine the densities of states 
and scattering probabilities. 

For arbitrary B, there is no exact solution of the kinetic 
equation describing the magnetotransport in semimetals 
with anisotropic energy spectra. However, both Uxy and 
(7 XX can be written explicitly if the Fermi energy is close 
to the valence-band extrema so the energy spectra ev- 
erywhere in the vicinity of £p = e^? are approximated by 
parabolic functions. In this case, which corresponds to 
the picture given in the inset of Fig. 5, the components 
of the conductivity tensor at low temperature are the 
sums of contributions from two groups of carriers near 
the exterma of the conduction and valence bands (i.e., 
the electron and hole contributions): 

Cxx — (J XX ^ "xx I "xy — f^xy ^ "xy ' \^ ) 

a) ^ \e\nA u) ^ \e\n,B 

where /3i = mi/\e\Ti are the inverse mobilities of elec- 
trons and holes expressed through the corresponding ef- 
fective masses rrii and scattering times r^. The signs — 
and -|- in Uxl stand for electrons and holes, respectively. 
The expresssions (2) and (3) turn out to be analogous to 



known expressions for two-component electron-hole sys- 
tems (see for example, Ref. [IBl)- The introduction of the 
effective mass me is natural, since the c-band spectrum 
is isotropic and parabolic in a wide energy range. The 
effective mass rrih is introduced as = yjm\mi^ where 
mi and TO2 are the masses characterizing the v-band en- 
ergy spectrum along the main axes of the ellipses. From 
our calculations (Fig. 5), we find = 0.03 mo, m^ ~ 5 
me, so the density of hole states (taking into account 4- 
fold valley degeneracy) is about 20 times greaater than 
the density of electron states. This means that at low 
hole densities the Fermi energy is pinned near the va- 
lence band extremum, and the parabolic approximarion 
for Ep in the valence band is justified. The expressions 
(2) and (3) lead to the Hall resistivity in the form 

B {ne-nh)B^ + [nef5l-nhPl) 
\e\{ne~nufB^ + {nePh+nhPe?- ^' 

Since ^ rUe and, consequently, j3h^ Pe, the con- 
dition for zero pyx at low B is realized at > n,,, away 
from the CNP. The gate voltage Vg'^^ corresponding to 
zero crossing can be found from Eq. (4) combined with 
the expression Uf, — Uh = a{Vg — V^^^), where a is 
a constant specified for our sample in the previous sec- 
tion. With increasing B, the voltage moves towards 
the CNP gate voltage V^^^, first linear with B, then 
saturating in the close vicinity of the CNP. Thus, the 
behavior of the zero crossing point shown in Fig. 3 (b) 
follows from the classical expression (4). The same ex- 
pression describes N-shaped magnetic-field dependence 
of the Hall resistance at fixed Vg, under condition that 
nil > Tie- However, the Hall resistance plotted in Fig. 
4 (b) is different from the simple N-shaped dependence 
and cannot be described within the classical theory. 

To account for the quantum features of the magneto- 
transport in our system, it is important to get an idea 
of how the energy spectrum is quantized in the magnetic 
field. To calculate the Landau levels (LLs) of HgTe quan- 
tum wells, we have used isotropic approximation in the 
Kane Hamiltonian, when the Luttinger parameters 72 
and 73 both are replaced by (72 -|-73)/2. In this approxi- 
mation, the problem is greatly simplified, since columnar 
eigenstates of the 6x6 matrix Kane Hamiltonian become 
representable in the form 

(5) 

with the oscillatory functions (pn {n > 0) satisfy- 
ing the relations k^ipn — fn~iV^/i and k^ipn = 
ipn+i\/'2{n + l)/£, i = y/h/\e\B is the magnetic length. 
The states are, therefore, described by the LL number 
n, and for each n one can find numerically the set of the 
components u™^{z) (m = 1,2, ...6) and the correspond- 
ing discrete energies £j„, where the number j accounts 
for both subband number and spin state. These energies, 
for two chosen values of the magnetic field, are plotted 
in Fig. 6. [13]. We point out the most essential proper- 
ties of the LL spectrum. There are two states for each 
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subband with LL number n > 3, these states differ by 
projection of spin. For n = 0, 1, and 2 there is only 
one spin state within each heavy-hole subband, because 
the third component of the wave function (5) (spin-up 
heavy-hole component) is missing for these particular LL 
numbers. The levels originating from the c-band rapidly 
go up with increasing B, except the first level (denoted 
as A), which slowly moves down with the rate approx- 
imately 0.25 meV/T. In contrast, the levels originating 
from the v-band form a dense set, especially near the 
band extremum, and are slowly shifted with increasing 
magnetic field. The v-band levels n — 1 and n — 2 
(the latter is denoted as B) are an exception, because 
they move up rather rapidly with increasing field. At 
B ~ 2.8 T the levels A and B cross. The existence of 
special LLs which belong to different subbands and cross 
with increasing magnetic field is a common feature of the 
HgTe quantum wells with inverted band spectrum, and 
such a behavior is confirmed experimentally for narrower 
wells [ill- the magnetic field increases further, 
the level B becomes the upper one in the v-band, and a 
broad gap is formed at the v-band exteremum, as seen in 
the right panel of Fig. 6. 
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FIG. 6: Calculated Landau levels for 20 nm symmetric 
Cdo.65Hgo.35Te/HgTe quantum well for S = 1.5 T and B = 4 
T. Only two sets of levels originating from two principal 2D 
subbands are shown. The levels denoted as A (the first one 
in c-band) and B (n = 2 level in v-band) experience cross- 
ing at about 2.8 T. Starting from B ~ 3.6 T, the level B 
becomes the upper one in v-band. The empty circles in the 
left panel indicate position of the next two c-band Landau 
levels at _B = 0.3 T. The dashed line in the right panel shows 
the position of the Fermi energy corresponding to a quantized 
plateau a^y ~ near the CNP. 

Based on the LL spectrum calculation, one may pro- 
pose the following explanation of the behavior of mag- 



netoresistance shown in Fig. 4. The entire interval of 
the magnetic fields investigated is subdivided in three 
regions: weak, intermediate, and strong magnetic fields, 
see Fig. 7, which are discussed below. 

In weak magnetic field region (up to 0.45 T), the v- 
band states are not quantized, while the c-band states 
become quantized with increasing field because of the 
small effective mass, me = 0.03 mo, in this band. Since 
both electrons and holes are present in the system, a fixed 
gate voltage means that rih — Ue is constant. At small 
differences Uh — ng, the Fermi level is pinned close to the 
v-band extremum, because of a large density of states in 
the v-band. The QHE observed in this region of fields 
is caused by the passage of the c-band LLs through the 
Fermi level. At i? ~ 0.45 T only the lowest c-band LL 
(level A) remains occupied. Based on this scenario, we 
estimate the energy of semimetallic overlap as 1.1 meV. 
Although this value is considerably smaller than the 3 
meV overlap following from the numerical calculations 
(Fig. 5), we do not find this discrepancy surprising, be- 
cause the calculation puts aside many unknown factors 
(such as deviation of the quantum well potential from a 
simple rectangular one, partial relaxation of the strain 
inside the HgTe layer, etc.) which may shift the quanti- 
zation energies within several meV. In weaker fields, we 
observe a signature of a plateau at c-band filling factor 3 
(ly = —3) but do not observe any plateau at = —2. This 
fact becomes understandable from our numerical calcu- 
lation showing that two next to level A c-band LLs are 
almost degenerate at low B, see empty circles in the left 
panel of Fig. 6. Since these are the states with different 
spin numbers, the nature of the degeneracy is described 
in terms of negligible spin splitting for low-lying c-band 
states in weak magnetic fields. 

The absence of any sizeable contribution of holes to 
transport at CNP means that both longitudinal and 
Hall conductivities of holes are much smaller that e^/h. 
Though such small hole conductivities cannot be en- 
tirely described within the classical (Drude) theory, it is 
likely that the holes experience strong localization. With 
semimetallic overlap of 1.1 meV, the hole density at CNP 
is estimated as ~ 1.2 x 10^*^ cm^^. Since the density of 
states in v-band is large, the presence of disorder makes 
it possible that the majority of holes, at such small n^, 
occupy the tail of the density of states below the mobility 
threshold. 

In the intermediate region (from 0.45 to 3 T), a sin- 
gle c-band level A is occupied. The electron density 
increases linearly with the magnetic field. Since the dif- 
ference Uh — rie is fixed by the gate, the hole density rih 
increases as well, and the holes become active in trans- 
port, causing a positive contribution to the Hall conduc- 
tivity, and, consequently, a positive deviation of the Hall 
resistivity from —h/e^. The increase of hole density by 
the gate leads to a similar effect. The components of the 
conductivity tensor are described by Eq. (2) with con- 
stant electronic components ai^x = and aiij = —e^/h 
which can be treated also as contribution of the chiral 
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FIG. 7: (Color online) A schematic picture describing evolu- 
tion of the density of states and position of the Fermi level 
(straight vertical line) in HgTe quantum wells with a small 
semimetallic overlap. Three regimes, corresponding to weak, 
intermediate, and strong magnetic fields (from up to down), 
are emphasized and discussed in the text. The c-band and v- 
band states are shown in different colors. The v-band level B, 
which demonstrates a special behavior, is shown separately. 
The energy is counted from the position of level A at _B ^ 0. 



edge state originating from level A to transport. Thus, 
the dependence of resistivity on magnetic field and gate 
voltage is determined by the hole components of the con- 
ductivity tensor. The absence of a detailed knowledge of 
hole conductivity in the intermediate magnetic field re- 
gion does not allow us to describe the Hall resistance 
quantitatively. Whereas the monotonic change of the 
Hall resistivity in the region below 1.7 T might be ex- 
plained within a classical representation of cri^^ and ai'y , 
the flat (plateau-like) features at higher fields possibly 
suggest that Landau quantization of holes already starts 
and makes ai^ and ai'^ nearly independent on B at 
S > 1.7 T. The fact that the value of Pxy still smoothly 
changes with the gate voltage everywhere in this region 
means that the hole LLs are not well resolved, indeed 
these LLs form a dense set according to our numerical 
calculations. The contribution of bulk delocalized hole 
states to transport is, therefore, essential, and increases 
proportional to the hole density controlled by the gate. 

In the high magnetic field region (above 3 T), the be- 
havior of Hall and longitudinal resistances is determined 
by another important factor, the infiuence of the v-band 
level B, which rapidly goes up with increasing magnetic 
field. The reduction of the hole contribution to Hall re- 
sistivity occurs when this level passes the Fermi level. 
According to our calculations, level B crosses the upper 
one of the other v-band LLs approximately aX B — 3.6 
T. As this happened, level B itself becomes the upper 
one in the v-band and accumulates the majority of hole 
density. The remaining fraction of hole density, equal to 



nh — rie, is much smaller than the capacity of a single LL 
(at i? = 4 T the capacity of a single LL is about 10"'^^ 
cm~^). Therefore, the Fermi level resides in the region 
of localized states in the tail of the next v-band LL, as 
shown in the lowest panel of Fig. 7, and bulk contribu- 
tion to conductivity is negligible. The transport is deter- 
mined by a pair of counterpropagating chiral edge states 
originating from LLs A and B, so the Hall conductivity 
axy is expected to be zero. Since small variations of the 
gate voltage do not shift the Fermi level from the region 
of localized states, a plateau axy = appears in the gate- 
voltage dependence of a^y, see Fig. 2 (b). The fact that 
we observe such a plateau starting from 3.6 T is consis- 
tent with the calculated behavior of LLs and emphasizes 
the crucial role of the level B in magnetotransport in wide 
(semimetallic) HgTe wells. 

A description of the longitudinal and Hall resistivi- 
ties in the regime of counterpropagating edge states re- 
qires a more detailed consideration jj], because in view 
of strong scattering between these edge modes the edge- 
state transport is suppressed and the small bulk contri- 
bution to conductivity might be important as well. We 
apply the formalism developed in Ref. [4] to a system 
comprising two edge states of electron (e) and hole (h) 
kind and a continuum of bulk states. The scattering be- 
tween the edge states and the scattering between bulk 
states and each of the edge states is characterized by 
mean free path lengths 7^^, g^T"^, and g^^, respectively, 
which are assumed to be smaller than the sample dimen- 
sions. Then we find 



2e^ 



9e + 9h 



f^XX 



hLy -f{ge + gh)+ ge9h 



(6) 



where Ly is the width of the sample, and is the 
bulk resistivity expressed by a standard tensor inversion 



through the bulk conductivities crS and criy . Since both 
these conductivities are much smaller than /h in the 
regime under consideration, and backscattering is strong, 
^Ly ^ 1, the resistivity pxx becomes much larger than 
the resistance quantum, as seen in Fig. 4 (a). The Hall 
resistance is 



Pyx 



^ xy 

^ XX 



1 



9h - 9e 



Ly l{9e + 9h) + 9e9h 



(7) 



Depending on parameters, pyx may behave in different 



ways. Assuming for example, that both crit- and a. 



xy 



are exponentially small, one cannot say that their ra- 
tio is small as well, so both contributions in the square 
brackets of Eq. (7) remain essential. If, in addition, 
(J^y/cri^x ^ ilLy)^^, one obtais pyx = ph/2e^ with 
M = (5/1 ~ 9e)/{9h + 5e)- When (Jxy is calculated from 
the expressions (6) and (7) by tensor inversion, the large 
value of Pxx guarantees that Gxy <C /h regardless to 
behavior of pyx- 
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IV. CONCLUSIONS 

The possibility to create gated HgTe wells of different 
widths opens the avenue for investigation of bipolar 2D 
semimetals where electron and hole densities can be 
varied in a wide range. In this paper, we have examined 
low-temperature magnetotransport in the system with 
a very small semimetallic overlap, about 1 meV, which 
provides densities of electrons and holes of the order 
10"'^° cm~^. We have demonstrated, both experimentally 
and theoretically, that such a system has rather inter- 
esting properties generally following from electron-hole 
asymmetry and special features of Landau quantization 
in HgTe wells. The low density of carriers assures mani- 
festation of quantum effects already at B < 0.5 T. With 
increasing magnetic field B, there exist three distinct 
transport regimes, where dependence of longitudinal 
and Hall resistances on B is determined, respectively, 
by electrons, holes, and a pair of counterpropagating 
edge states originating from conduction and valence 



bands. Some of the features observed, in particular, a 
-B-dependent shift of the zero Hall resistance point away 
from the charge neutrality point, are explained within 
the classical transport picture. The quantum features of 
magnetotransport are in agreement with the calculated 
Landau level spectrum of our system. This calculation 
uncovers the origin of the quantum Hall plateau axx = 
near the charge neutrality point by demonstrating that 
a broad gap responsible for this quantum Hall state is 
formed because one of the valence-band Landau levels 
rapidly goes up with increasing B. Very likely, the 
same mechanism describes axx — quantum Hall state 
observed previously in 2D semimetals with higher carrier 
densities |12| . 
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